) radicals were the main reactive species for dye degradation in the present sonocatalytic system. A proposed mechanism for the enhanced photocatalytic activity is also discussed based on the experimental results. In addition, the catalytic activity of the nanocomposite in the reduction of nitrophenols by using NaBH 4 was evaluated. The results showed that Ag 3 PO 4 /CoFe 2 O 4 exhibited the best performance in the reduction of 4-nitrophenol (4-NP) and 2-nitrophenol (2-NP) and revealed 100% conversion into the corresponding amino derivatives within 24-46 min with rate constant equal to 0.0714 min À1 and 0.0329 min
Introduction
Solar energy is the most clean, abundant and renewable energy source. The energy from the sun that hits the earth for one hour is much more than that needed by human beings for one year.
1,2
It is well-known that the ultraviolet (UV) region occupies only approximately 4% of the entire solar spectrum, while 43% of the energy is that of visible light. 3, 4 Therefore, the development of novel efficient photocatalysts, particularly visible light responsive catalysts, is necessary for the efficient utilization of solar energy in photocatalysis. [5] [6] [7] Developing a novel photocatalyst with efficient visible-light absorption and excellent stability remains a great challenge.
Among various photoactive materials, silver orthophosphate (Ag 3 PO 4 ) has attracted considerable attention and found to be an excellent photocatalyst in visible light region because of its superior semiconductor property for directly splitting water, degrading organic contaminants and photodecomposition of organic dyes. 7, 8 Ag 3 PO 4 has a relatively narrow band gap (2.36-2.43 eV) and is thus active under visible-light irradiation (l < 530 nm). 9 Unfortunately, Ag 3 PO 4 suffers from the structural stability issues because the photocatalytic process is usually accompanied by the transformation of Ag + into Ag 0 in the absence of a sacricial reagent. However, previous investigations have demonstrated that combining two or more semiconductors to fabricate an appropriate composite structure may be a good strategy. 30 had been successfully synthesized, which showed enhanced photocatalytic stability and activity than pure Ag 3 PO 4 . But these composites are difficult to separate and recycle, seriously limiting their extensive application. Therefore, fabrication of well-dened and easy separated Ag 3 PO 4 -based photocatalysts from the suspended reaction system via a simple process remains to be a great challenge. To overcome this shortfall, coupling with magnetic materials is highly desirable. Magnetic based materials can be easily recovered by a magnet and can be reused for photocatalysis reaction several times without any appreciable reduction in photocatalytic efficiency. 31, 32 Although, pure magnetic materials are easily recovered, their photocatalytic activities are very weak. They usually take long time to degrade the organic pollutant. Therefore, it is desirable to couple the magnetic photocatalyst with photocatalyst having high photocatalytic efficiency. Such composite photocatalysts can exhibit good magnetcontrolled recyclability as well as superior photocatalytic activity with improved stability. In this regard, cubic aqueous solutions were added into the suspension and sonicated for 3 h. The dispersed mixture was added to a Teon-lined stainless steel autoclave for hydrothermal treatment at 160 C for 3 h. Then, the reaction mixture was allowed to cool to room temperature and the precipitate was ltered, washed with distilled water three times, and dried in an oven at 80 C for 6 h. 
Characterization techniques
The XRD patterns of the samples were obtained on an X-ray diffractometer (PANalytical/X'Pert Pro MPD) using Ni-ltered Cu Ka radiation (l ¼ 1.54059Å) radiation FT-IR spectra were recorded on a Schimadzu system FT-IR 160 spectrophotometer in transmission mode from 4000 to 400 cm À1 using KBr pellets. UVvis spectra of samples (photocatalysts, nitrophenols and dyes) were analyzed at room temperature using a CARY 100 double beam spectrophotometer operated at a resolution of 2 nm with quartz cells with path length of 1 cm in the wavelength range of 200 to 750 nm. UV-visible DRS of the photocatalysts samples were recorded with a Shimadzu UV-2450 spectrophotometer over the spectral range 200-700 nm. The shape and morphology of samples were observed by a MIRA3 TESCAN scanning electron microscope (SEM) equipped with a link energy-dispersive X-ray (EDX) analyzer. The particle size was determined by a LEO-912AB transmission electron microscope (TEM) at an accelerating voltage of 80 kV. TEM samples were prepared by dropping the ethanol dispersion on a carbon coated copper grid. Magnetic measurements were carried out at room temperature using a vibrating sample magnetometer (VSM, Magnetic Daneshpajoh Kashan Co., Iran) with a maximum magnetic eld of 10 kOe. The content of CoFe 2 O 4 in the nanocomposite was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, model OEC-730).
Catalytic reduction tests
In order to study the catalytic performance of the as-synthesized ), were added into the solution of MB to detect the active species generated in the photodegradation experimental process. The photocatalytic process was the same as that described in the above. To test the recyclability, the Ag 3 PO 4 /CoFe 2 O 4 nanocomposite was separated with an external magnet aer dye had been completely degraded and washed with deionized water three times before the next photocatalytic reaction. Fig. 1(a) , it can be seen that all the diffraction peaks can be well indexed to a body-centered cubic phase (JCPDS no. 01-084-0192; space group, P 43n; a 0 ¼ 6.0095Å) and no other features were observed. From the XRD Pattern of the as-prepared CoFe 2 O 4 nanoparticles in Fig. 1(b) , it is obvious that all the diffraction peaks match very well with standard data of CoFe 2 O 4 (JCPDS no. 01-022-1086; space group, Fd 3m; a 0 ¼ 8.3919Å), and no trace of any impurity phase was found. As observed in Fig. 1 Further investigation was carried out by energy dispersive Xray spectroscopy (EDX) to characterize the composition of the as-prepared Ag 3 PO 4 /CoFe 2 O 4 nanocomposite as shown in Fig. 3 . It can be clearly seen that Co, O, Ag, Fe and P elements are all existed in the product, which is consistent with the results obtained from XRD patterns. The inset of Fig. 3 shows a representative SEM image of the nanocomposite with corresponding EDX elemental mappings. Brighter area in the elemental map indicates a higher concentration of the corresponding element in that area. Different elements were shown in different colors in order to identify their positions within the nanomaterials. As presented in the inset of Fig. 3 (Fig. 4(a) , curves i and ii). However, aer coupling Ag 3 PO 4 with CoFe 2 O 4 , the obtained nanocomposite material also exhibited the band with absorption edge even above 530 nm (Fig. 4(a) Fig. 4(b) . The value of hn extrapolated to a ¼ 0 gives the absorption band gap energy. From (Fig. 4(b The shape and size of the Ag 3 PO 4 /CoFe 2 O 4 particles were analyzed by TEM and the images are shown in Fig. 5 . As can be seen in Fig. 5(a-c) , the obtained nanocomposite was formed mainly from cube-like particles. In fact, Ag 3 PO 4 contains a cubic like structure with the lengths of 10-30 nm while CoFe 2 O 4 shows a sphere-like shape. Furthermore, the high magnica-tion TEM image in Fig. 5(d) indicates that the dark particles of CoFe 2 O 4 with size around 10-25 nm are loaded on the surface of bright Ag 3 PO 4 plates. As deduced from the TEM analysis, the particle size distribution was narrow, ranging from 10 to 30 nm, and the mean particle diameter was $20 nm. These results were consistent with the average particle size calculated by the Debye-Scherer formula from the XRD pattern. Nitrophenols and their derivatives are some of the most refractory pollutants that occur in industrial waste water. They generally result from the production process of insecticides, synthetic dyes and herbicides. 42, 43 Therefore, the removal of nitrophenols from industrial waste water is crucial for environmental health. However, nitrophenols are biologically and chemically stable compounds and it is difficult to remove them by natural microbial degradation. 44 Therefore it is necessary to develop environment friendly and clean techniques for the removal of such pollutants from industrial waste water. [45] [46] [47] [48] [49] [50] [51] In this work, the catalytic activity of the Ag 3 PO 4 /CoFe 2 O 4 nanocomposite for the reduction of 4-nitrophenol (4-NP) and 2-nitrophenol (2-NP) with sodium borohydride (NaBH 4 ) was evaluated. The catalytic reduction process of 4-NP was monitored by UV-vis spectroscopy as shown in Fig. 7 . It was seen that an absorption peak of 4-NP undergoes a red shi from 317 to 400 nm immediately upon the addition of aqueous solution of NaBH 4 , corresponding to a signicant change in solution color from light yellow to yellow-green due to formation of 4-nitrophenolate ion. In the absence of catalyst, the absorption peak at 400 nm remained unaltered for a long duration, indicating that the NaBH 4 itself cannot reduce 4-nitrophenolateion without a catalyst. In addition, the pure Ag 3 PO 4 and CoFe 2 O 4 nanoparticles show low activity in the 4-NP reduction, and therefore, they can not be regarded as effective catalysts for this reaction. However, in the presence of Ag 3 PO 4 /CoFe 2 O 4 nanocomposite and NaBH 4 , the 4-NP was easily reduced. As can be seen in Fig. 7(a) , the intensity of the absorption peak of 4-NP at 400 nm decreased gradually with time and aer about 24 min it approximately disappeared. In the meantime, a new absorption peak appeared at 297 nm and increased progressively in intensity. This new peak is attributed to the typical absorption of 4-aminophenol (4-AP). This result suggests that the catalytic reduction of 4-NP exclusively yielded 4-AP, without any other side products. In the reduction process, the overall concentration of NaBH 4 was 20 mM and 4-NP was 0.2 mM. Considering the much higher concentration of NaBH 4 compared to that of 4-NP, it is reasonable to assume that the concentration of BH 4 À remains constant during the reaction. In this context, pseudorst-order kinetics could be used to evaluate the kinetic reaction rate of the current catalytic reaction, together with the UVvis absorption data in Fig. 7(a) . The absorbance of 4-NP is proportional to its concentration in solution; the absorbance at time t (A t ) and time t ¼ 0 (A 0 ) are equivalent to the concentration at time t (C t ) and time t ¼ 0 (C 0 ). The rate constant (k) could be determined from the linear plot of ln(C t /C 0 ) versus reduction time in seconds. The rate constants (k) were determined from the slope of linear plots of ln(C 0 /C) versus time (minutes); its value were determined to be 0.0098, 0.0268, and 0.0714 min Fig. 7(b) ). Fig. 8 shows the UV-vis absorption spectra of the reduction of 2-nitrophenol by NaBH 4 at various reaction times in the presence of Ag 3 PO 4 /CoFe 2 O 4 nanocomposite. The observed peak at 414 nm for the 2-NP shows a gradual decrease in intensity with time and a new peak appeared at 291 nm indicating the formation of 2-aminophenol (2-AP). As shown in Fig. 8(b) , it took 46 min for the complete reduction of 2-NP in the presence of Ag 3 PO 4 /CoFe 2 O 4 nanocomposite (0.5 mg). As can be seen in Fig. 8(b The photocatalytic degradation of organic pollutants has attracted considerable interest because of its potential to solve serious environmental problems, such as aesthetic pollution, printing/textile wastewater, toxicity and perturbation to aquatic life, as well as making use of the unlimited and sustainable energy from the sun. Various photocatalysts have been successfully developed for environmental remediation.
Results and discussion
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Among them, TiO 2 is one of the best because of its nontoxicity, acceptable stability and high photocatalytic activity. 53 However, TiO 2 is responsive only to UV light, which accounts for no more than 4% of the solar spectrum, greatly limiting its photocatalytic efficiency and practical applications. Developing a novel photocatalyst with efficient sunlight or visible-light absorption and excellent stability remains a great challenge. In this regard, Ag 3 PO 4 /CoFe 2 O 4 nanocomposite prepared in this work can be an appropriate candidate. The photocatalytic activity of magnetic Ag 3 PO 4 /CoFe 2 O 4 nanocomposite was evaluated by the degradation of methylene blue (MB) and Rhodamine B (RhB) dyes in aqueous solutions under direct sunlight irradiation and at room temperature. The UV-vis spectral changes of MB aqueous solution over Ag 3 PO 4 /CoFe 2 O 4 photocatalyst are plotted in Fig. 9(a) as a function of irradiation time. It shows that the intensity of maximum absorption peak of MB at 663 nm decreases dramatically as time increases and nearly disappears within 90 min. For comparison purposes, we additionally performed the experiments on the degradation of MB with pure Ag 3 PO 4 and CoFe 2 O 4 samples under identical experimental conditions. As observed in Fig. 9(b) , the degradation efficiency (C/C 0 ) of MB over CoFe 2 O 4 , Ag 3 PO 4 and Ag 3 PO 4 / CoFe 2 O 4 . Photocatalysts were found to be 47%, 84% and 98%, respectively, within 90 min sunlight irradiation. To understand the photocatalytic degradation kinetic of MB degradation, the pseudo-rst-order model was used: ln(C 0 /C) ¼ kt, where C 0 and C are the dye concentrations before and aer irradiation, respectively, k is the pseudo-rst-order rate constant, and t is the reaction time. As shown in Fig. 9(c) , respectively. This nding indicates that the photocatalytic activity of Ag 3 PO 4 could be improved by the incorporation of CoFe 2 O 4 nanoparticles.
As shown in Fig. 10 , similar behavior was observed for photocatalytic degradation of RhB dye in the presence of Ag 3 PO 4 /CoFe 2 O 4 nanocomposite and under direct sunlight irradiation. It is obvious from Fig. 10(a) In photocatalytic degradation, some active species, including hydroxyl radicals (cOH), superoxide anion radicals (cO 2 À ), photogenerated holes (h + ) and electrons (e À ), are formed by light irradiation. 54, 55 To determine which active species play an important role in dye photodegradation using Ag 3 PO 4 / CoFe 2 O 4 under sunlight irradiation, a series of experiments on quenching active species was conducted by adding individual scavengers to the photocatalytic reaction system. The different scavengers used in this study were BQ (cO 2 À quencher), TEA (h + quencher), IPA (cOH quencher), KI (h + and cOH quencher) and Ag + (e À quencher) during MB degradation.
As a consequence of quenching, the photocatalytic reaction is partly inhibited and leads to low MB conversion. The extent of decrease caused by scavengers in the conversion indicated the importance of the corresponding reactive species.
The effects of the series of scavengers were evaluated by comparing the degradation extents of MB under sunlight irradiation. Fig. 11 shows that RhB photodegradation using Ag 3 PO 4 /CoFe 2 O 4 is greatly suppressed aer adding BQ as cO 2 À scavenger, which suggests that cO 2 À is the main reactive species in the photocatalytic process. When TEA, IPA or KI are added, the photodegradation activity of Ag 3 PO 4 /CoFe 2 O 4 slightly decreases, which indicates that h + and cOH play a minor but synergistic role. The addition of AgNO 3 has a moderate effect, which implies that e À is reactive but is not the signicant active species in the photocatalytic reaction. In summary, the main reactive species involved in MB degradation over Ag 3 PO 4 / CoFe 2 O 4 is cO 2 À , with e À , h + and cOH also being generated during the photocatalytic reaction under direct sunlight irradiation. The general principle for the enhanced photocatalytic performance of nanocomposite photocatalysts is that they have different electronic energy levels so that charge separation can be enhanced. In order to understand the band structure of Ag 3 PO 4 /CoFe 2 O 4 nanocomposite, the potentials of the conduction band (CB) and valence band (VB) edges of Ag 3 PO 4 and CoFe 2 O 4 were calculated according to the Mulliken electronegativity theory, which is shown as follow in eqn (1) and (2):
where E VB and E CB stand for the conduction band and valence band edge potential respectively, c is the absolute electronegativity of the semiconductor, which is the geometric mean of the electronegativities of the constituent atoms, 56 and E c is the energy of free electrons on the hydrogen scale (about 4.5 eV vs. NHE), 57 Eg is the band gap of semiconductor. The c value is calculated to be 5.92 eV for Ag 3 PO 4 and 5.47 eV for CoFe 2 O 4 , respectively. The calculated E CB and E VB edge positions for Ag 3 PO 4 are 0.49 and 2.85 eV, and for CoFe 2 O 4 are 0.14 and 1.9 eV, respectively, which are close to previous reported values. 58, 59 On the basis of the above results and the detection of active species in the photodegradation process, a possible photocatalytic mechanism for dye photodegradation using Ag 3 PO 4 / CoFe 2 O 4 nanocomposite has been proposed as follows and illustrated in Fig. 12 . [60] [61] [62] [63] [64] Under irradiation with sunlight, both CoFe 2 O 4 and the Ag 3 PO 4 can absorb the photon energy and produce the electron-hole pairs (eqn (3) to form active oxidants such as hydroxyl radicals (cOH) (eqn (4)).
At the same time, the accumulated electrons on the surface of Ag 3 PO 4 reacts with absorbed oxygen to form oxidants such as superoxide ions (cO 2 À ) (eqn (5)). Therefore, the generated active species, such as cO 2
À
, h + and cOH, effectively react to degrade the dye molecules to CO 2 , H 2 O or other products (eqn (6) Furthermore, RhB and MB dyes demonstrate the strong absorption bands in the visible region at wavelengths of 552 and 663 nm. Therefore, they can undergo photosensitization under visible sunlight irradiation. The mechanism of indirect dye photosensitization induced degradation on the nanocomposite can be explained in the following procedure. 65, 66 First, the dye molecules (e.g. RhB) are absorbed on the surface of nanocomposite and then transferred into its excited state (RhB*) under sunlight irradiation (eqn (7)). Second, the electrons are injected from the RhB* into the conduction band of the Ag 3 PO 4 where the electrons are trapped by the molecules' oxygen (eqn (8) and (9)). Third, the electrons in the CB of Ag 3 PO 4 react with O 2 to produce cO 2 À radicals for further degradation of RhB + c (eqn (10)). In fact, the Ag 3 PO 4 /CoFe 2 O 4 is served only as an electron-mediator, which may be favorable for the effective separation and transfer of the injected electrons and cationic RhB radicals. Thus, the photo-generated electrons in the excited dyes and molecular oxygen play a crucial role in the indirect dye photosensitization pathway.
Dyes (e.g. RhB) + hn / dyes* (e.g. RhB*)
RhB* / RhB + c + e CB(Ag 3 PO 4 )
RhB + c + cO 2 À / degradation products (CO 2 , H 2 O, .) (10)
Reusability and photostability tests
To evaluate the reusability and photostability of the Ag 3 PO 4 / CoFe 2 O 4 nanocomposite catalyst, recycling experiments were performed. It was separated from the reaction mixture aer its rst use in the degradation of MB. The recovered catalyst was found to be reusable for ve runs without signicant loss in activity. As shown in Fig. 13 , nearly 7% of decrease could be observed aer four times recycle. For each recycle, the centrifuge supernatant was collected and analyzed by Atomic Absorption Spectroscopy. It was shown that no silver metal signal during the course of the recycling reaction, conrming the stability of the catalyst. Furthermore, the structural stability the recovered Ag 3 PO 4 / CoFe 2 O 4 photocatalyst was conrmed by XRD and FT-IR aer ve runs (Fig. 14) . As shown in Fig. 14(a) and (b), XRD pattern 
Conclusions
In summary, we have presented a facile method for the synthesis of novel magnetic Ag 3 eld. This study provides a green, low-cost, simple and rapid procedure for the degradation of organic dyes pollutants in aqueous wastewater solutions by using solar energy. 
